Calcium ions play critical roles in neuronal development, but the factors that govern spontaneous fluctuations in intracellular calcium are not well understood.
Transient, repeated elevations of calcium in embryonic Xenopus spinal neurons have been recorded over periods of 1 hr in vitro and in viwo, confocally imaging flue-3-loaded cells at 5 set intervals. Calcium spikes and calcium waves are found both in neurons in culture and in the intact spinal cord. Spikes rise rapidly to -400% of baseline fluorescence and have a characteristic double exponential decay, while waves rise slowly to -200% of baseline fluorescence and decay slowly as well. Imaging of fura-2-loaded neurons indicates that intracellular calcium increases from 50 to 500 nM during spikes. Both spikes and waves are abolished by removal of extracellular calcium. Developmentally, the incidence and frequency of spikes decrease while the incidence and frequency of waves are constant.
Spikes are generated by spontaneous calcium-dependent action potentials that can be triggered by low-threshold, T-type calcium current and are eliminated by agents that block voltage-dependent calcium channels. They can be elicited by depolarization, are generated in an all-or-none manner, and are rapidly and bidirectionally propagated. Spikes also utilize intracellular calcium stores, since blocking release from stores substantially reduces their amplitude. Waves are not elicited by depolarization nor by activation of glutamate receptors, an'd are propagated at a rate consistent with diffusion of calcium. Waves are blocked by Ni*+ at a higher concentration than required to block classical voltage-dependent calcium channels. Previous work now suggests that spikes are required for expression of the transmitter GABA and for potassium channel modulation. The present study indicates that waves in growth cones are likely to regulate neurite extension.
[Key words: calcium imaging, spinal neurons, spontaneous activity, neuronal differentiation, confocal imaging in vivo, calcium stores, calcium spikes, calcium waves] Calcium influx is an important determinant of synaptic plasticity in the mature nervous system (Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Guthrie et al., 1991; Miiller and Connor, 1991) . Understanding the mechanisms by which calcium is elevated has provided insights into the basis of changes in synaptic efficacy. During development, calcium influx can regulate neuronal migration Rakic, 1992, 1993) , pattern formation (Constantine-Paton et al., 1990; Shatz, 1990; Yuste et al., 1992) , stabilization of transmitter phenotype (Nishi and Berg, 198 1; Walicke and Patterson, 198 l) , and neurite extension (Mattson and Kater, 1987) . Thus, the mechanisms by which intracellular calcium is normally elevated spontaneously in differentiating neurons are of interest.
Normal differentiation of embryonic amphibian spinal neurons requires extracellular calcium during an early period. Cells dissociated from the neural plate differentiate morphologically 6 hr after plating in culture and exhibit calcium-dependent action potentials (Spitzer and Lamborghini, 1976) . Further differentiation of these young neurons is most sensitive to calcium for the following 6-l 2 hr in vitro. By 18-24 hr in culture, mature neurons exhibit brief action potentials that are largely sodium dependent. Removal of extracellular calcium or blockade of calcium channels during this calcium-sensitive period alters their morphology, sensitivity to transmitters, synapse formation, channel modulation, and neurotransmitter expression (Bixby and Spitzer, 1984a; Henderson et al., 1984; Holliday and Spitzer, 1990, 1993; Desarmenien and Spitzer, 1991; Spitzer et al., 1993) . Moreover, calcium-induced calcium release is necessary for normal neurite extension and expression of neurotransmitter (Holliday et al., 199 1) . These results suggest that calcium influx and calcium release from stores are required for normal differentiation, and imply that these processes occur naturally during development.
Spontaneous transient elevations of intracellular calcium have been observed in cultured embryonic spinal neurons during the calcium-sensitive period, using the ratiometric calcium indicator fura-2AM (Holliday and Spitzer, 1990) . These calcium transients were suppressed by removal of extracellular calcium or block of high-voltage-activated calcium current. Moreover, low-voltage-activated calcium current appeared to be involved in depolarizing cells and triggering calcium transients (Gu and Spitzer, 1993b) . During this period no changes in steady state concentrations of calcium were recorded, although depolarization with high KC1 sufficient to activate voltage-dependent calcium channels increased intracellular calcium (Holliday and Spitzer, 1990) . However, previous investigation of calcium el-
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Spikes and Waves evations in embryonic Xenopus spinal neurons has been restricted to brief periods of examination.
---entiation, both in culture and in the intact spinal cord. Based
In the present study, we have monitored changes in intracellular calcium in vitro and in vivo over an extended period to on kinetic properties, these fluctuations are distinguished as two investigate the types of spontaneous calcium fluctuations that occur, as well as their incidence and frequency. We have studied types of activity: fast calcium spikes and slow calcium waves.
the way in which they change during development, and the mechanisms by which they are generated. Moreover, we have They differ further with respect to their regulation during deassessed the functions they may play in regulating neuronal differentiation. Imaging fluo-3AM-loaded neurons with confocal microscopy has enabled analysis of spontaneous elevations of calcium occurring over periods of 1 hr. Embryonic spinal neurons exhibit distinct signatures of spontaneous elevation of intracellular calcium when thev are underaoinn nrimarv differalyzed on line. Imaging of cultured cells was also carried out with an SIT camera (SIT 68, MTI) mounted on a Zeiss Photoscope and a Hamamatsu Photonics image processing system (C 1966) with a resolution of 640 x 483 x 16 bits. for periods no lonaer than 6 min in duration. Images were acquired continuously and w&ten to videotape with 33 Hz time resolution. SIT cameras exhibit signal retention that is greater at dimmer illumination. This effect could produce an overestimate of rise and decay times analyzed from data acquired in this manner. The similarity of results from two different instruments and procedures reduces the likelihood of artifacts in these measurements. Quantitative comparisons of fluo-3 fluorescence in the present study were made only for nucleus versus cytoplasm, and spike versus wave amplitude. In the former case, the higher nuclear elevation replicated previous results from confocal line scan analysis . In the latter case, when cell bodies were evenly loaded and sampled over the same region, spikes produced greater elevations of fluorescence than waves both in individual cells and across the population. velopment and the mechanisms by which ;hey are generated. Spikes and waves appear to be required for separate aspects of neuronal differentiation.
Preliminary accounts of some of these findings have appeared (Gu et al., 1992; Gu and Spitzer, 1993a) .
Materials and Methods
Cultures and spinal cords. Many features of preparation of cultures, spinal cords, and imaging procedures have been described (Holliday et al., 1991; Desarmenien et al., 1993; Gu and Spitzer, 1993b) . Cultures were prepared from embryos of Xenopus luevis at the neural plate stage (stage 15; Nieuwkoop and Faber, 1967) . Tissue from the posterior presumptive spinal cord region was dissected and treated with collagenase B (1 mg/ml; Sigma) in low-calcium medium (mt.4: 58.8 NaCl, 0.67 KCl, 0.5 CaCl,, 8 mM HEPES, pH adjusted to 7.8 with NaOH) for 5-15 min. Ectoderm was thus separable from mesoderm, endoderm, and notochord; ectodermal cells, including neural folds, were dissociated in divalent cation-free medium (in mM: 58.8 NaCl, 0.67 KCl, 0.4 EDTA, 4.6 Tris, pH adjusted to 7.8 with HCl) and plated on 35 mm tissue culture dishes (Costar). These neuron-enriched cultures contain neurons and many non-neuronal cells but are free of myocytes; cells are present at low density, and neurons constitute only 3% of the total cell population (Hollidav and Spitzer. 1993 ). Neurons at 6-8 hr in vitro are referred to as young andneurons at 17-22 hr are termed mature. Spinal cords were prepared from embryos at neural tube stages (stages 18-30), overlapping the period studied in culture. Tissue from the posterior spinal cord region was dissected and treated with collagenase B in lowcalcium medium for 5-15 min, as for cultures. The intact spinal cord was then separated from mesoderm, endoderm, and notochord and pinned ventral surface up on 35 mm tissue culture dishes coated with Sylgard (Dow Coming). The same medium was used both for cultures and for spinal cords, containing (in mM) 58.8 NaCl, 0.67 KCl, 1.3 1 MgSO,, 10 CaCl,, and 4.6 Tris; pH was adjusted to 7.8 with HCl.
Images were acquired conti&ously and either capmred and saved on the computer at 20 Hz or written to VHS tapes at 33 Hz. Identical equipment and optical settings were used for calibrations and for exFura-2AM (Molecular Probes) was used in some experiments to raperiments.
tiometrically estimate intracellular calcium concentrations. Dye was Data analysis. The impact of imaging on cell survival was assessed by comparing counts of cells in imaged fields at the time of imaging dissolved in DMSO and added to cultures to achieve a final concentraand 1 d later: adiacent fields in the same cultures served as controls. Four cultureswere scored, with E 50 neurons/field. The effect of loading cells with fluo-3AM was evaluated in a similar manner. tion of 2 PM. Fluorescence emission at 500 nm was elicited by excitation at 340 and 380 nm and imaeed with the Photoscooe and SIT camera.
Imaging. For calcium imaging in vitro and in vivo, cells in culture or freshly dissected whole spinal cords were incubated for 30 min with the fluorescent calcium indicator fluo-3AM (Molecular Probes) in most experiments. The dye was dissolved in DMSO (50 &lo ml; Sigma) and added to achieve a final concentration of 2 PM. Free dye was washed out with three rinses of culture medium over a 30 min period. This dye is useful for measurement of transient signals at relatively low levels of illumination, allowing signal acquisition over long periods without photodynamic damage to cells. Imaging of dye-loaded cultured cells or spinal cords for periods of 1 hr was achieved with a Bio-Rad MRC600 argon laser confocal system with a Zeiss microscope and a 20 x waterimmersion objective. Images were collected at 5 set intervals; individual cells were illuminated for ~0.2 sec. Confocal line scans at 4 msec sweep were used to measure rapid changes in fluorescence along a single axis. Sweeps were displayed horizontally in a raster array. Each image was held on a video monitor until acquisition of the subsequent image that replaced it. Images from the monitor were continuously recorded to standard VHS videotape on both regular and time-lapse VCRs, or anFluorescent pixel intensities of regions of neurons in each image were analyzed with the IMAGE program (W. Rasband, NIH), either on line or by replay of tapes using a QuickCapture frame grabber board (Data Translation). Intensities were digitally averaged with a Macintosh IIci computer. Changes in fluorescence intensity of each neuron were normalized to its baseline fluorescent intensity. Results from on-line and videotape analysis were not different. Spike and wave activities were scored as events exceeding 150% of baseline, and distinguished on the basis of their kinetics. Each spike and wave was reconfirmed by visual examination of time-lapse videotapes, to avoid analysis of spurious signals arising from cell movements or neighboring cells. The relative fluorescence change of fluo-3 over the range of interest is proportional to the actual concentration of intracellular calcium (Kao et al., 1989; Cornell-Bell et al., 1990; Holliday and Spitzer, 1990) . Spike rise time in fluo-3-loaded cells was measured from digitized data as the interval between initiation point and peak. Time constants of spike decay were determined by fitting curves with single or double exponentials using the AXOGRAPH program (Axon Instruments). Digitized intensity values from 4-36 fura-2-imaged frames were averaged to enhance the signal to noise for calibration and for measurement of resting calcium levels. The intracellular calcium concentration was estimated from the ratio image, using the equation [Ca2+] = K,((R -R,,,)I(R,., -R))F,/F,. F, and F. are fluorescence intensities at 380 nm in 0 and saturating lCaz+l. R,,, and R,,, are ratios of fluorescence excited at 340 and 380 nm under experimental conditions of 0 and saturating [Ca2+] . K, is 135 nM (Grynkiewicz et al., 1985) . Calibration entailed examination of fura-2-loaded cells permeabilized with 5 PM ionomycin for 30 min and either incubated in 10 mM Ca*+ to yield R,,, and F,, or incubated in 0 mM Ca*+ plus 2 mM EGTA and 2 mM MnZ+ to yield R,,, and FO (Grynkiewicz et al., 1985; Holliday and Spitzer, 1990) . All average values of data were compiled as mean t SEM for the number of cells indicated.
Extracellular stimulation. Action potentials were stimulated with extracellular electrodes of tungsten wire, sharpened to 10-20 pm, coated with AgCl, and placed 5-10 pm from the soma or growth cone of fluo-3-or fura-2-loaded neurons (Grumbacher-Reinert and Nicholls, 1992) . Stimulation pulses were 4-l 2 V with 0.1 msec duration. Stimuli applied at > 40 Km from the cell were ineffective even at 15 V. Spikes elicited in response to pairs of pulses delivered at 5 min intervals were the same at a 250 Hz image acquisition rate for fluo-3-loaded cells, since they are produced in an all-or-none manner (see Results). Accordingly, pairs of stimuli were used to examine responses to excitation of fura-2-loaded neurons at 340 and 380 nm to generate ratio values at high time resolution. When caffeine was used to evaluate the contribution of stores, the initial elevation of [Ca2+], following application was allowed to return to baseline prior to stimulation . During stimulation, changes in fluorescence intensity were imaged confocally or with Photoscope and SIT camera and data were stored on computer or VHS tapes.
Probability
estimates.
Cells were considered coactive when they initiated spikes within the same 5 set interval on multiple occasions. For m spiking cells, the random probability that n cells were coactive i times was calculated as follows: the probability of first firing is approximated by P, = C{il(72O)p x 720. The probability of the second instance of coactivity changes, since the number of possibilities is diminished by one and the group of coactive cells is fixed. Thus, the probability of the second firing is approximated by P, = {(i -1)/(720 -1))" x (720 -1). For the ith iniiance of coa&viiy, the probability becomes P, = {i -(i -lV(720 -(i -lUJn x (720 -(i -1)). The random vrobabilitv for\ n ceils' to be coact& i times is ihen calculated as a Eumulativk probability, P = P, x Pz X. . x P,. This calculation provides only a rough estimate, since the timing ofeach event during the period sampled influences the probability of later events. Moreover, it yields an overestimate since it generates extra counts of coactivity of the specified number of cells from instances in which a larger number of cells are coactive. This error depends on (m -n); when m is small, as in culture (m -5), the approximation is good. Although imprecise, this calculation provides a quantitative evaluation of the random probability of coactivity.
Modeling.
Details of computer modeling of action potentials have been described (Lockery and Spitzer, 1992; Gu and Spitzer, 1993b) . Neuronal currents were reconstructed with simplified Hodgkin-Huxley equations, choosing parameters specifying conductance, steady state activation and inactivation, and time constants for each current. Calcium dynamics were defined by a compartmental model in which intracellular submembrane calcium is supplied by calcium currents and removed by diffusion to an interior compartment. Action potentials were simulated under conditions of 10 mM external calcium, to be comparable with the calcium concentration in culture medium. Action potential thresholds were evaluated with the inclusion of all currents and with the systematic elimination of inward currents.
Results
Spontaneous spikes and waves in cultured embryonic neurons Previous work demonstrated that influx of calcium during a sensitive period is required for normal neuronal development. To investigate the mechanisms of calcium influx, its developmental regulation, and its functions, we analyzed the characteristics of transient elevations of intracellular calcium ([Ca2+],). Spontaneous calcium transients in embryonic spinal neurons were revealed by acquisition of confocal fluorescence images at 5 set intervals for 1 hr periods, using the calcium indicator fluo-3. Changes in fluorescence intensity in the cell body and growth cones were digitally analyzed from each of 720 images. Cells were exposed to laser illumination for ~0.2 set for each image (~2.4 min exposure!hr). This procedure enabled examination of changes in [Ca2+], over an extended time without detectable photodynamic damage to dye-loaded cells. More than 95% of neurons in culture developed normally by morphological criteria by 12 hr after imaging compared to unimaged controls; moreover, neurite initiation and extension occurred during imaging. Counts of all cells in imaged fields 1 d later indicated that this procedure did not promote cell death (86 + 3% vs 85 +-5% survival). Similarly, there was no detectable effect on survival of loading cells with flue-3AM.
At the onset of the calcium-sensitive period, two distinct types of spontaneous elevations of [Caz+] , were found in neurons differentiating in culture and in the intact embryonic spinal cord (see below). Fast calcium spikes exhibited a rapid, stereotyped rise and decay in fluorescence intensity (Fig. 1A top, B) . Digitally analyzed data from neuronal cell bodies in vitro showed that all spikes reached their peaks in ~5 sec. A double exponential described their decay in >80% spikes, with time constants of 11 f 1 set and 2.9 + 0.2 min (n = 12). The remainder, which were typically of smaller amplitude, exhibited only the fast time constant (11 * 2 set; n = 5). Spikes were propagated throughout the full extent of single neurons within a 5 set interval. Their amplitudes ranged from 150% to 900% of baseline intensity with an average increase of 375 k 30% in the soma (n = 57). The mean inciderice of spikes examined over 10 min intervals was relatively evenly distributed throughout the 1 hr period.
In contrast, slow calcium waves in the cell body did not exhibit uniform rise and decay, and displayed a gradual increase in fluorescence intensity requiring >30 set followed by a decay over several minutes or longer (Fig. 1A bottom, B) . Further, waves initiated in the soma in most cases did not spread into the neurites. Their amplitudes ranged from 150% to 600% of baseline intensity with average values of 175 f 5% in the soma (n = 57). Waves also exhibited roughly evenly distributed incidence over 15 min intervals throughout the 1 hr period. A single neuron could generate both spikes and waves (Fig. 1B) .
If spikes and waves transduce the signals of the calciumsensitive period, their generation would be expected to depend upon extracellular calcium. Both spikes and waves in cultured neurons were eliminated by replacing extracellular calcium with magnesium plus 1 mM EGTA (Table l), suggesting that calcium influx is involved in both activities. In culture, spikes and waves were observed with the same incidence and frequency in morphologically differentiated neurons and in cells which have no neurites when imaged, but differentiate into neurons during or after imaging. However, waves were also seen in unidentified cells. The mechanisms by which they are produced may be different, since waves in some unidentified cells can persist when extracellular calcium is removed. The neuronal specificity of spikes makes them an early marker of neuronal differentiation.
Given the developmental role for calcium signaling, spike and wave activities were examined at early and late times in culture. Among 80 young neurons examined in 6-8 hr cultures, 69% were active during the 1 hr period of imaging. Spikes or spikes and waves were produced in 35% of cells, while 34% generated waves alone (Table 1) . Spikes or spikes and waves occurred one to seven times per hour in the cell body, while waves alone occurred one to four times per hour, with average frequencies of 2.4 f 0.3 and 2.1 f 0.2/hr (n = 27). The incidence and frequency of spikes and waves were highest during this period of development in vitro. Spike incidence decreased to 19% among 85 mature neurons examined in 17-22 hr cultures, and the average frequency dropped to 1.6 f 0.2/hr (n = 16). In contrast, the incidence and frequency of waves were relatively constant between young and mature neurons (38%, Table 1; 1.9 f 0.2/ hr, n = 21). Thus, spike and wave activities appear to be independently regulated during development.
Spikes exhibit rapid rates of rise Accurate assessment of spike kinetics required more detailed examination of their rapidly rising phase. Continuous imaging of dye-loaded cells with an SIT camera and frame capture at 33 Hz substantially improved the resolution achieved by imaging at 0.2 Hz. Cells could be examined for periods up to 6 min without affecting survival and differentiation. Digital analysis of the rise of calcium spikes at 50 msec intervals revealed a time to peak of 1.0 & 0.1 set, with a monotonic rise both in the nucleus and in the cytoplasm (n = 7). The nuclear region showed Calcium Spikes and Waves The incidence of spike and wave activity is indicated for the number of cells analyzed in each condition. In young neurons in the presence of 10 rn~ CaZ+, blockade of LVA calcium current with 50 PM Ni*+ or Na+ current with TTX reduces the incidence of spikes by an amount equal to the increase in incidence of waves in the cell body. Blockade of LVA and HVA calcium currents with 2 rnM Nil+ eliminates spikes but not waves. Replacement of calcium with magnesium abolishes both. In the presence of 1 rnM Ca'+, spike frequency is higher, the wave frequency is correspondingly lower, while the percentage of cells active remains the same. Both spikes and waves are blocked by 5 rnM Ni"+. In mature neurons in the presence of 10 rnM Ca >+ blockade of LVA calcium current with , 50 NM Ni*+ has no effect. Selective blockade of spikes only in young neurons by 50 PM Nil+ is consistent with the role of LVA calcium current in spike generation and the reduced incidence ofthis current in mature neurons. Block of Na+ current with TTX greatly reduces spike incidence; however, substantial variation of wave incidence is observed that may obscure the inverse relation between spike and wave incidence. Cells (n) from ~10 cultures were imaged for 1 br under the conditions indicated and analyzed as described. a greater increase in fluorescence (Fig. 2) , as seen also in spikes acquired more slowly by imaging at 5 set intervals. This increase was not due to the larger volume of the nucleus, since there was no difference in the baseline fluorescence intensity of the nucleus from the surrounding region. The decay of spikes analyzed by continuous imaging was fit with a double exponential, with a fast time constant of 7.5 + 1 .O set (n = 7) that is not significantly different from the value from confocal imaging (P > 0.05; Fig.  2B ). The limited duration of imaging precluded analysis of the slow time constant in most cases.
The frequency of spikes/neuron x hr observed with continuous imaging should be in agreement with that observed by intermittent imaging. Since the latter method revealed spikes in 35% of neurons with an average frequency of two or three events per hour, continuous imaging of 10 neurons for 6 min each (equivalent to a 1 hr period for a single neuron) should capture one spike. Among 80 neurons imaged for 6 min each, seven spontaneous spikes were detected ( Fig. 2A) , consistent with this expectation. Further, the decay time constants and relative subcellular intensities of fluorescence were similar when measured by either method.
Spontaneous spikes and waves in vivo All neuronal properties previously studied in these cultures have been demonstrated to have similar developmental patterns of expression in vivo (see Holliday and Spitzer, 199 1, for review). Such comparison is critical for assessment of the physiological significance of spikes and waves. Both were generated in cells imaged on the ventral aspect of the spinal cord, and spikes were more prominent than in culture (Fig. 3) . Cells generating spikes in vivo were likely to be neurons, since spikes are neuron specific in vitro. These cells were largely bilateral, and occupied the positions of motoneurons that are a major fraction of the cells studied in culture (Bixby and Spitzer, 1984b; Henderson et al., 1984) . At early neural tube stages (corresponding to 2-6 hr in vitro), 50% of cells on the ventral surface of the spinal cord exhibited spikes at an average frequency of 10 per hour (n = 3 spinal cords). The incidence and average frequency of spiking declined to 20% and two per hour at tailbud stages (corresponding to 9-l 5 hr in vitro; n = 5 spinal cords). In culture, elevations of [Ca*+], are cell autonomous and not an emergent property of interactions among ensembles of neurons, since most neurons, including active cells, were not contiguous with others. The greater frequency of calcium spikes in vivo implies either that the threshold for eliciting them is lower than in culture, perhaps due to stimulation by cell-cell contacts or secreted factors, or that cells are coupled and therefore generate higher apparent levels of activity. Quantitative assessment of wave incidence and frequency was precluded by the increased noise level generated by movement of cells in the spinal cord. The appearance of synchronously active cells characterized the spinal cord at somewhat later stages when neurons are known to be electrically coupled (Spitzer, 1982) . Groups of two to four cells in a field of -100 generated seemingly synchronous spikes repeatedly, two to five times (Fig. 4A) . The probability of coactivity of three cells occurring five times at random is ~2 x 1 Om5. Remarkably, these cells were not always contiguous, an observation in agreement with neurite extension that has been shown to begin at these stages (Hayes and Roberts, 1973; Taylor and Roberts, 1983) . Apparently synchronous calcium spikes were also observed between closely apposed neurons in culture (Fig.  4B) . The random probability that these two neurons would be coactive twice is < 10m4. Coactivity of cloSely apposed neurons is unlikely to be due to stimulation by the same trigger signal in culture, since active neurons in apparent contact with one another were coactive in only a few cases. Although electrical coupling has not been examined between neurons in vitro, the presence of coactivity indicates that it may also occur between cultured neurons at 6-8 hr after plating. Underlying mechanisms of spikes and waves Since generation of spikes and waves requires extracellular calcium, we determined whether these signals are generated by calcium influx during action potentials in cultured neurons. Spontaneous spikes can be mimicked by elevations of fluorescence generated by brief electrical stimulation of the same cells with extracellular electrodes to trigger action potentials ( Fig. 54 , left; n = 5). Analysis of the rate of rise of elicited spikes by confocal line scan with 4 msec time resolution showed that they reached their peak in 0.7 f 0.01 set (n = 12) and were generated in an all-or-none manner ( Fig. 54, right ; it = 5). Focal stimulation elicited spikes in either soma or growth cone; their amplitudes were similar irrespective of the site of stimulation. Line scan analysis showed that these spikes were propagated rapidly throughout the length ofthe cell within 4 msec in either direction ( Fig. 5B , right; n = 3). The results show that these spikes have characteristics of action potentials and suggest that action potentials are required for their generation. Spontaneous calcium spikes also possess characteristics of action potentials. They travel rapidly throughout the cell, with no detectable delay between' soma and growth cone at 5 set time resolution (Fig. SB, left; as well as at 50 msec resolution (data not shown). Such rapid conduction could promote synchronized spike activity of noncontiguous cells in the spinal cord that are connected by neurites ( Fig. 4A ; n = 3). In addition, calcium channel blockers such as 2 mM NiZ+, 10 mM Co*+, or 10 PM w-conotoxin, which block both HVA calcium currents and calcium-dependent action potentials, eliminated spikes in young neurons (n I 19). initiation in young neurons from -36 mV to -2 1 or -7 mV in computer simulations (Fig. 5C , O'Dowd et al., 1988; Lockery and Spitzer, 1992; Gu and Spitzer, 1993b) . This result yielded several experimentally testable predictions, provided depolarization is the immediate trigger of spontaneous action potentials and antecedent trigger events depolarize cells to a variety of levels that are sufficient to activate voltage-dependent currents. First, if spikes are produced by action potentials, then selective blockade of LVA calcium current or sodium current should reduce their incidence. Second, blockade of sodium current should create a greater reduction since it elevates the threshold of the action potential to a higher level. Experimentally, blockade of LVA calcium or Na+ currents by application of 50 PM NiZ+ or 1 &ml tetrodotoxin (TTX) reduced spike incidence by 50% and 80%, respectively (Table 1) . Moreover, lowering the threshold of action potentials by reduction of surface charge should promote the incidence of spikes. As predicted, reduction of [Ca2+],, from 10 to 1 mM increases spike incidence, by 43%. These data show that effects of blocking LVA calcium or sodium currents in young neurons are both qualitatively and quantitatively as predicted if spontaneous action potentials produce spikes. At the same time, the results also support the view that the immediate trigger for action potentials is an electrical event that can depolarize cells to a range of potentials. Simultaneous recording of spontaneous spikes and action potentials did not appear to be feasible with conventional techniques since intracellular or extracellular electrical recording often provoked elevation of [Ca2+],. In contrast to its effect on young cells, blockade of T current in mature neurons did not affect spike incidence (Table 1) . However, spikes in mature neurons were eliminated by tetrodotoxin, indicating that calcium influx during spikes is mediated by sodium-dependent action potentials. These results are consistent with the roles of these currents on action potential threshold and calcium influx in computer simulations (Lockery and Spitzer, 1992; Gu and Spitzer, 1993b) ; thus, the action potential is likely to underlie spikes in mature neurons as well.
We performed experiments with fura-2AM to provide a quantitative estimate of the levels of intracellular calcium achieved during spikes (Fig. 6) . In young neurons, the resting level of intracellular calcium in the cell body was 52 f 4 nM (n = 24). Intracellular calcium rose to 530 + 49 nM (n = 9) when spikes were elicited by focal electrical stimulation. The rise time and rapid time constant of decay of [Ca2+], were 1 ? 0.1 set and 12 + 1 set, which are comparable to those obtained from fluo-3 imaging. Previous studies showed that 20 mM caffeine can elicit calcium release from stores in mature neurons, while young neurons were not affected (Holliday et al., 199 1) . Higher concentrations of caffeine are effective on young neurons, and produce a transient elevation of [Ca2+] , similar to that in mature neurons. Caffeine can produce similar transient elevations of [CaZ+] , with or without extracellular calcium, suggesting that it directly stimulates release from intracellular calcium stores. Incubation with -50 mM caffeine to suppress release caused a significant reduction in the elevation of [Ca*+], ensuing from electrical stimulation, to 19 1 + 28 nM (n = 5; t test, p < 0.00 1). This result indicates that intracellular stores contribute to the elevation of calcium during spikes. Elevation of [CaZ+] , is also apparent in the growth cone following stimulation. The resting level was 32 + 4 nM (n = 15) and rose to 203 f 22 nM (n = 9). Both values are significantly lower than those in the soma (t test, p < 0.0001 for both).
The mechanism by which waves are generated in the cell body is different from that of spikes. Waves were not suppressed by channel blockers at concentrations that suppress voltage-dependent calcium and sodium currents (Table l), demonstrating that action potentials are not involved in generating waves. Waves persisted when external calcium was reduced to 1 mM, allowing testing of a ratio of nickel to calcium that was toxic in 10 mM calcium. Waves recorded in 1 mM external calcium were blocked by 5 mM Ni2+ ( Fig. 7A ; n = 54). We also imaged 11 cultured neurons in medium containing 2 mM Ca*+/lO mM Ni*+ (the same ratio of Ca2+ to Niz+ ) for 20-30 min, during which wave activity in all of these neurons was blocked. Nine of these neurons were initially imaged without Ni*+ for 20 min, then with Ni2+ for 20-30 mitt, and finally, after washout of Ni2+, for a further 20 min. Spikes or waves were seen in 67% of neurons during the initial period of imaging and were observed with the same incidence following recovery, indicating that the Ni*+ blockade is reversible.
However, the mechanism generating waves appears not to be voltage dependent, since depolarization with 50 mM KC1 in the presence of concentrations of blockers that suppress LVA and HVA currents did not elicit elevation of intracellular calcium ( Fig. 7B ; IZ = 9). The mechanism generating waves also appears not to involve activation by excitatory neurotransmitters to which the neurons become sensitive (Bixby and Spitzer, 1984b Glutamate caused elevation of intracellular calcium in 90% of neurons at 6-8 hr (n = 25) that was reversibly blocked by a combination of 6,7-dinitroquinoxaline-2,3-dione (DNQX) and kynurenic acid (100 PM and 500 PM, II = 10). Neither wave nor spike incidence and frequency were affected by the combination of these blockers during 1 hr periods of imaging ( Fig. 7A ; n = 8).
Waves originating in the soma did not invade growth cones in most neurons, and only large ones were detected in net&es. Unlike rapid propagation of spikes, these waves usually required 30-70 set to reach growth cones (-50 pm) . This propagation rate is in agreement with the velocity of diffusion of calcium but not inositol trisphosphate in Xenopus oocyte cytoplasm ( Fig.  8A ; Albritton et al., 1992) . Waves also arose in growth cones and were not generally propagated to the cell body. They have the same pharmacological sensitivities as waves generated in the soma (Tables 1, 2 ). The failure of waves to propagate from growth cones to cell body may be due to size mismatch of cytoplasmic volumes between neurites and soma.
Although spikes and waves are generated by different mechanisms, they appear closely associated. Spikes were followed immediately by waves in some cells (Fig. 1 B) . Blockade of spikes enhanced the incidence of waves by an amount equal to the decrease in spike incidence in young neurons (Table 1 ). The distribution of wave amplitudes was unchanged (Fig. 8B) , indicating that newly added waves are not different from those initially expressed. Furthermore, reduction in external calcium raised the incidence of spikes, consistent with the reduction in threshold of voltage-dependent calcium currents (Gu and Spitzer, 1993b) , and decreased the incidence of waves. These results suggest a direct linkage between them (DuPont et al., 1991 Figure 7 . Mechanisms of generation of waves. A, Waves can be blocked by high concentrations of Ni *+ , but are unaffected by glutamate receptor blockers. Incidence of waves during a 1 hr period. Neurons exhibit waves in either 10 or 1 rnM calcium. Waves are unaffected by 150 PM DNQX and 500 PM kynurenic acid that block calcium elevations in response to glutamate, but are suppressed by 5 mM Ni*+. Neurons at 6-9 hr in vitro. B, Waves are not produced by membrane depolarization, Spikes elicited by stimulation with 50 mM KC1 in the presence of 2 mM calcium are blocked by 2 mM Ni2+, which blocks voltage-gated calcium channels but not waves (n = 9). Data digitized at 0.2 Hz. Neurons at 7-8 hr in vitro.
period (Holliday and Spitzer, 1991) . Do spikes and waves influence the appearance of calcium-dependent properties? Spikes are more likely to exert their effects in the soma than waves, since ratios of nuclear to cytosolic fluorescence increased during spikes but not during waves (Fig. lA) , although there was no distinctive difference in loading of the nucleus and cytoplasm with the indicator. These results imply that spikes may have a more pronounced effect on [Ca2+], in the nuclear region (Hernandez-Cruz et al., 1990; Holliday et al., 199 1; see also Connor, Control 1 mM Ca2+ n=4 NiZ+ (5 mM) n=5 100 9.5 * 0.9 0 -Mature neurons (17-22 hr in vitro) Control 10 mM Ca*+ n= 11 100 9.3 k 0.9
The incidence and frequency are indicated for the number of cells analyzed in each condition. In young neurons, the incidence and frequency of waves are the same in 1 and 10 rnM Ca2+, and blockade of Na+ current with TTX or calcium currents with 2 rnM Ni*+ in the presence of 10 rnM Cal+ has no substantial effect. In the presence of 1 rnM Ca*+, waves are blocked by 5 rnM Ni" . In mature neurons, wave incidence and frequency remain the same in 10 rnM Caz+. Cells (n) from three or more cultures were imaged for 1 hr under the conditions indicated and analyzed as described.
1993) although the interpretation of such increases in nuclear fluorescence can be problematic. Evoked action potentials and ensuing calcium elevations in the growth cone have been shown to influence neurite extension in other systems (Cohan and Kater, 1986; Fields et al., 1990) . Surprisingly, spontaneous spikes that are associated with calcium-dependent action potentials and cause calcium elevation in growth cones have no effect on extension of neurites of Xenopus spinal neurons (Figs. 5B, 9 ). Selective suppression of spikes by TTX or 2 mM Ni *+ did not alter neurite length.
However, neurite extension in Xenopus spinal neurons is subject to changes in intracellular calcium (Holliday et al., 199 l) , raising the issue of the mechanism normally involved. Spontaneous waves generate fluctuations of intracellular calcium at a higher incidence and frequency in growth cones than in the soma (loo%, 8.8 f l.O/hr, n = 15; Table 2 ). Moreover, local waves occurred independently in separate growth cones of the same neuron (Fig. SC) . Waves are thus positioned to exert effects in the growth cone and may regulate extension of neurites. Neurites are typically short in the presence of calcium. When influx during waves was prevented by removal of extracellular calcium, neurons extended long processes (Fig. 9) . Independent frequencies of waves in growth cones could account for variations in neurite lengths of multipolar neurons. Moreover, the developmental persistence of waves is compatible with the sensitivity of neurite extension to extracellular calcium throughout an extended period (Holliday and Spitzer, 1990 (Sorimachi et al., 1990a; Yuste et al., 1992; O'Donovan et al., 1993) , in mature neurons (Tank et al., 1988; Sugimori and Llinas, 1990) , as well as in non-neuronal cells (Berridge et al., 1988; Rink and Jacob, 1989; Cornell-Bell et al., 1990 (Table 1) . C, Waves arise in growth cones at a higher frequency than in the soma, and neither waves nor spikes are recorded from the soma during asynchronous waves in two growth cones of the same cell (arrows; 1, 2 are left, -right). The third growth cone exhibited similar behavior. Recording saline contained 1 j&ml TTX. Scale bar, 25 pm.
Several lines of evidence indicate that spikes are generated by spontaneous action potentials. In addition, the neuronal specificity of spikes is consistent with the observation that action potentials promote calcium influx in these neurons. The results suggest that LVA calcium current triggers action potentials though the activation of sodium current. In addition, they confirm the demonstration that LVA calcium current is functionally involved.in regulating intracellular calcium in young neurons, and support the hypothesis that it has lost this function in mature neurons (Gu and Spitzer, 1993b) . These data are consistent with observations that sodium-dependent action potentials can trigger voltage-dependent calcium entry in other systems (Chen et al., 1990; Sorimachi et al., 1990a,b; Agoston et al., 1991; Jaffe et al., 1992; Lev-Ram et al., 1992) . Thus, there is a mechanistic basis for the well-known observation that sodium-dependent electrical activity influences neuronal development (Shatz, 1990) .
Spontaneous spikes are initiated in the soma of neurons that have not yet extended neurites. Whether spontaneous spikes originate in soma or growth cone once neurite outgrowth has occurred remains to be determined. Reduction of spike amplitude with caffeine indicates that stores are also involved in the production of spikes. This observation implies that calcium influx during calcium-dependent action potentials is sufficient to trigger release from stores. The concentration of caffeine used to stimulate young neurons (40-60 mM) could have other effects in addition to the stimulation of calcium stores. Since caffeine produces only a transient elevation of [Ca"], in the presence or absence of extracellular calcium, it is unlikely to induce significant calcium influx a few minutes later when neurons are electrically stimulated. In addition, lower concentrations of caffeine applied to mature neurons elicit the same effect as application of these higher concentrations to young neurons (Holliday et al., 1991) , suggesting that any side effects on young neurons may be minor. In contrast, spontaneous elevations of [Ca"+], in neonatal rat cortex are unaffected by suppression of sodium current with TTX (Yuste and Katz, 1992) , indicating that other mechanisms are also involved in implementing programs of development invoked by activity (Constantine-Paton et al., 1990; Komuro and Rakic, 1993) .
Calcium influx during the calcium-sensitive period could stimulate transcription (M. Sheng et al., 1990; Dash et al., 199 1; Bading et al., 1993; Lerea and McNamara, 1993; H. Z. Sheng et al., 1993) . Changes in calcium levels in the nucleus during spikes may regulate calcium-dependent gene expression. Previous work has shown that application of Ni2+ at a ratio of 10 mM Ca2+/2 mM Ni*+ blocks appearance of GABA as well as the increase in rate of activation of delayed rectifier potassium current (Desarmenien and Spitzer, 1991; Spitzer et al., 1993) . Since this ratio blocks voltage-activated Ca*+ current and suppresses spikes but spares waves, spikes may be specifically required for these aspects of neuronal differentiation. This possibility is supported by observations that inhibitors of RNA synthesis achieve a suppression of differentiation of these neurons similar to that obtained by blocking calcium influx (Ribera and Spitzer, 1989; Desarmenien and Spitzer, 1991; . These findings identify a significance of calciumdependent action potentials in early neuronal development.
The double exponential decay of most spikes may be due to two different buffer mechanisms. Neurons possess several buffer systems to stabilize [Ca*+], (Miller, 1991) . Spikes require calcium release from intracellular stores in addition to influx through calcium channels, in agreement with previous studies (Barish, 199 1; Holliday et al., 199 1) . A large and rapid increase of [CaZ] , may trigger both fast and slow buffering systems that result in double exponential decay. This view is consistent with the observation of a single fast decay component of small spikes, accounted for by the fast buffering system. This model assumes no major continuing influx or release from intracellular stores during spike decay.
Waves appear to require calcium influx, since they are dependent on external calcium and can be blocked by Ni2+ at a ratio of 1 mM Ca*+/5 mM Ni *+. Spontaneous action potentials, conventional voltage-gated calcium channels, and glutamate receptors are not involved in generating this activity. These results implicate a different calcium pathway for waves. Candidates include mechanosensitive channels (Lane et al., 199 l) , products of intracellular metabolism, and influx stimulated by depletion of intracellular calcium stores that activates a calcium current (Rerridge and Irvine, 1989; Putney, 1990; Hoth and Penner, 1992; Randriamampita and Tsien, 1993) . Depletion-activated channels are blocked by Ni2+ at concentrations that block waves (Zweifach and Lewis, 1993) .
Waves appear to have different functions in the soma and in the growth cone. In the soma, both the observation of spikes followed immediately by waves and the inverse relation of waves and spikes indicate a connection between these two activities in young neurons. A similar relationship may exist in mature neurons, requiring a larger sample size for detection in the face of increased variability apparent at these stages. This linkage may entail depolarization by calcium influx associated with waves. Slow or weak depolarization could produce waves. Rapid and strong depolarization sufficient to activate LVA calcium or sodium currents would lead to generation of spikes that are then followed by waves, since spikes are generated more rapidly. This scheme implies a common origin for both events. Such an electrical event associated with triggering of waves must be small gering them continue to act for an extended period. Both spikes and waves have distinctive amplitudes, durations, and frequencies. Breaking the code by which the pattern of calcium elevations specifies neuronal differentiation motivates future work.
